Mesoderm is derived from the primitive streak. The rostral region of the primitive streak forms the somitic mesoderm. We have previously shown the developmental origin of each level of the somitic mesoderm using DiI fluorescence labeling of the primitive streak. We found that the more caudal segments were derived from the primitive streak during the later developmental stages. DiI labeled several pairs of somites and showed the distinct rostral boundary; however, the fluorescence gradually disappeared in the caudal region. This finding can be explained in two ways: the primitive streak at a specific developmental stage is primordial of only a certain number of pairs of somites, or the DiI fluorescent dye was gradually diluted within the primitive streak by cell division. Here, we traced the development of the primitive streak cells using enhanced green fluorescent protein (EGFP) transfection. We confirmed that, the later the EGFP transfection stage, the more caudal the somites labeled. Different from DiI labeling, EGFP transfection performed at any developmental stage labeled the entire somitic mesoderm from the anterior boundary to the tail bud in 4.5-day-old embryos. Furthermore, the secondary neural tube was also labeled, suggesting that not only the somite precursor cells but also the axial stem cells were labeled.
Introduction
The mesoderm is derived from the primitive streak in the development of birds. The cells in the epiblast migrate toward the primitive steak and, after reaching the primitive streak, separate from the blastoderm and move downward during a process called invagination. Some of the cells just beneath the blastoderm form the endoderm, while others form the mesoderm, the layer in between the endoderm and epiblast (Gilbert and Barresi 2016) . Many researchers have studied the developmental fate of the primitive streak. These studies have shown that the primordia of the notochord, somite, intermediate mesoderm, lateral-plate mesoderm, and extraembryonic mesoderm align rostrocaudally (Nicolet 1971 for review; also Schoenwolf et al. 1992; Bortier and Vakaet 1992; Garcia-Martinez and Schoenwolf 1993; Hatada and Stern 1994; Catala et al. 1996; Sawada and Aoyama 1999) .
Somitic mesoderm is the primordia of bones and muscles. It is a segmental structure along both sides of the neural tube in the early stages of embryonic development. Several studies have conducted spatiotemporal analyses on the origin of somitic mesoderm (Psychoyos and Stern 1996; McGrew et al. 1998; Sawada and Aoyama 1999; Wright et al. 2009; Tenin et al. 2010) . In a previous study, we examined the developmental fate of the primitive streak in chick and quail embryos by labeling the cells with the fluorescent dye DiI. On examination using a fluorescent microscope, we confirmed that the primitive streak forms the more caudal somites associated with development. The DiI label was distinct at the rostral boundary but became less distinct caudally, and only a few rostral somites were labeled. This can be explained in one of the following two ways: either a certain region of the primitive streak at some stage produces specific somites, or the primitive streak produces more caudal somites than were labeled but the DiI dye was too diluted by cell division to label all the descendants of the originally labeled cells. The latter case might be plausible.
Studies using quail-chick chimera embryos have shown that Hensen's node, or the primitive knot, produces the entire notochord and floor plate (Catala et al. 1996; Catala 2002) . Kondoh and Takemoto (2012) and Takemoto et al. (2011) proposed the presence of stem cells that give rise to both the neural and mesodermal tissues after cell ingression.
To determine which of these hypotheses is true, we used electroporation to introduce the enhanced green fluorescent protein (EGFP) gene into the primitive streak cells and traced their descendants. EGFP was integrated into the genome as a transposon so that the transfected cells could be permanently labeled (Sato et al. 2007) .
We confirmed that the rostral region of the primitive streak at the later developmental stage forms the more caudal somites. In addition, EGFP transfection at any developmental stage labeled both the somitic mesoderm and the secondary neural tube up to the tail bud. Here, we discuss the origin of these labeled cells in relation to axial stem cells.
Materials and methods

Embryos
Fertilized eggs of white Leghorn chicken (Gallus gallus domesticus) were obtained from a local farm and incubated at 38 °C in a humidified incubator. Embryos were staged according to Hamburger and Hamilton (1951) and/ or described by the number of somite pairs.
Electroporation
Gene solution was prepared by mixing 9 μl pT2 K-CAGGS-EGFP (2 μg/μl) (Momose et al. 1999) , 9 μl pCAGGS-T2 TP (2 μg/μl), and 2 μl Fast Green. For DsRed, 9 μl pCMV DsRed-express2 (2 μg/μl) (Clontech Laboratories, Mountain View, CA, USA) and 1 μl Fast Green were mixed together.
Using the promoters EF1α and CAGGS in the vectors, Sato et al. (2007) reported that electroporation of the cloned gene cassette and the Tol2 transposon vector allows stable expression of the gene in chicken cells.
An electroporator (CUY21EX) was used with poration pulse (pp) set to voltage of 10 V, on-time of 0.05 ms, offtime of 0.1 ms, and cycles of 1. The driving pulse (pd) was set to voltage of 5 V, on-time of 30 ms, off-time of 300 ms, and cycles of 5. The electrode used was made of tungsten wire (diameter 0.3 mm). Electroporation was conducted as follows: The anode was inserted into the egg yolk and was placed under the embryo, parallel to its rostrocaudal axis. DNA solution was dropped onto the dorsal side of the primitive streak of the embryo. The tip of the cathode was sharpened with hot sodium nitrite, and the cathode was placed just above the gene introduction site. This pointed cathode enables transfection of the EGFP gene into a highly confined region in the embryo. Eight hours after electroporation, EGFP expression was confirmed by fluorescence microscope.
At the 4+ somite stage, at first, DsRed was electroporated by dropping the gene solution on Hensen's node. After that, electroporation was carried out by dropping the EGFP gene solution on the dorsal side of the rostral primitive streak. Since Hensen's node is recessed toward the ventral side, if transfection is first performed on the primitive streak, the EGFP gene solution would be accumulated around Hensen's node, and when the DsRed gene is transfected, both genes would be introduced into the cells of Hensen's node.
Histology
The transgenic chicken embryos were further incubated to reach the desired developmental stage. During incubation, the embryos were observed under fluorescence stereoscope to further examine the expression of EGFP. When reaching the desired stage, the embryos were fixed using 4 % paraformaldehyde at 4 °C. The fixative was replaced with 10, 20, and 30 % sucrose in phosphate-buffered saline (PBS) every 2 h, and finally with Tissue-Tec O.C.T. compound (Sakura Finetek). After freezing in liquid nitrogen, sections were prepared using a CM 3050 cryostat (Leica Biosystems Nussloch, Nußloch, Germany) at thickness of 40 µm and observed under Axioskop 2 fluorescence microscope (Zeiss) or Olympus FLUOVIEW FV1000 D confocal laser microscope. Alternatively, the embryos were prepared for paraffin sections with 10 μm thickness.
Observations of whole mount specimens were made using a Leica MZ FL III fluorescence stereoscope. For EGFP, the excitation filter is 475/40 nm and the absorption filter is 525/50 nm. This filter combination is specific for GFP but not for fluorescein, and enables one to distinguish EGFP fluorescence from that of background. For DsRed, the excitation filter is 546/10 nm and the absorption filter is 590 nm.
Results
EGFP labeling of the primitive streak by electroporation
Previous studies have shown that the rostral region of the primitive streak is the origin of the somitic mesoderm (Psychoyos and Stern 1996; Sawada and Aoyama 1999; Chuai and Weijer 2009; Fig. 1a) . In this study, we coelectroporated EGFP with transposase gene into the rostral region of the primitive streak that lies between the edge of Hensen's node and the most caudal edge of the streak. One microliter of DNA solution was dropped dorsally onto the rostral region of the primitive streak. The cathode and anode (tungsten wire electrode, 0.3 mm diameter) were placed dorsally and ventrally to the primitive streak, respectively. The tip of the cathode had been sharpened for pinpoint electroporation (Fig. 1b-d) . The transgenic embryos were incubated up to 2.5 days, and the expression of EGFP was observed in the somitic mesoderm up to the tail bud and in the caudal part of the neural tube (Fig. 1e) . As a control experiment for gene transfer of EGFP, electroporation was also carried out using mock solution excluding the EGFP gene in the gene solution, and no fluorescence was observed in the control embryos (data not shown). To confirm whether the tissue was injured by electroporation, the EGFP-transfected embryos were immediately fixed after electroporation and examined histologically. Damage to the epithelium was not observed (Fig. 1f, g ), suggesting that EGFP was transfected only into the epithelial cells and not in the mesenchymal cells of the primitive streak.
At 8 h after transfection in the embryo at the 4-somite stage, EGFP was confirmed to be confined to the rostral region of the primitive streak (Fig. 2a-c) . The EGFPpositive cells were found in the mesenchyme of the primitive streak, but they could not be observed in the dorsal epithelium (Fig. 2d, n = 3 ). These observations indicated that the epiblast cells invaginated within 8 h or shorter after electroporation.
Cranial boundary of EGFP-labeled somitic mesoderm
EGFP was electroporated into the rostral primitive streak at each stage of development from Hamburger-Hamilton (HH) stage 6 to the 8-somite stage (HH stage 9). Eight hours after electroporation, we confirmed the localization of EGFPpositive cells in the rostral primitive streak, after which the embryos were further incubated. After incubating for 2.5 days, expression of EGFP in the embryo was observed by fluorescence stereoscope (Fig. 3) . In those embryos transfected at HH stage 6, the somite mesoderm was labeled caudal to the 13th somite, and in those at the 8-somite stage, it was labeled caudal to the 27th somite. In the embryos labeled between these two stages and as the developmental stage at which we transfected EGFP progressed, the boundary of the EGFP-positive segment was confined to a more caudal region. With respect to the cranial boundary, we reconfirmed that, as development progressed, the primitive streak formed more caudal segments. This result is consistent with our previous experiments using DiI labeling.
Caudal end of the derivative of rostral primitive streak labeled with EGFP
EGFP was electroporated into the rostral primitive streak at each stage, and the embryos were further incubated for (Fig. 4a-c) . To identify the tissues expressing EGFP in the tail bud, serial transverse cryosections were made. In the rostral region, EGFP-positive cells were found not only in the somitic mesoderm but also in the neural tube, which is considered to be the secondary neurulation (Fig. 4d) . At the most caudal end, neither the somitic mesoderm nor the neural tube could be defined, but EGFP-positive mesenchymal cells were observed (Fig. 4e) . These findings suggest that the rostral primitive streak at any stage of development produces the entire somitic mesoderm from a specific rostral level to the most caudal level. We have previously reported that DiI can stain only specific regions of the somitic mesoderm, which might be a result of dilution of the dye caused by cell division.
The neural tube labeled with EGFP in the rostral primitive streak
When EGFP was introduced into the rostral region of the primitive streak, not only the somitic mesoderm but also the neural tube was labeled. When EGFP was transfected at the 1-or 4-somite stage, the neural tube was labeled caudal to the 24th somite level (Fig. 5a, a′, b, b′) , and when transfected at the 8-somite stage, both the neural tube and somitic mesoderm were labeled from the 27th somite level to the caudal region (Fig. 5c, c′) . The neural tube comprises the primary and secondary neural tubes, the former derived from the neural plate and the latter from the tail bud. To clarify whether the neural tube labeled with EGFP arises from the rostral primitive streak and not from the neural plate or Hensen's node, DsRed was transfected into Hensen's node, and EGFP was transfected into the rostral primitive streak (Fig. 6a ). Being transfected with two fluorescent protein genes with different wavelengths, we could trace the fate of the epiblast around Hensen's node and the rostral primitive streak to distinguish the primary and secondary neural tube precursors, respectively. Eight hours after transfection, DsRed-positive cells were found in Hensen's node and the notochord mesoderm, and EGFP-positive cells were observed only in the rostral region of the primitive streak (Fig. 6b) . When the embryos were incubated to the 25-somite stage, DsRed expression gradually decreased along the rostral-caudal axis. EGFP expression was observed from the 20th somite level to the tail bud in the somitic mesoderm, and from the 24th somite level to the tail bud in the neural tube (Fig. 6c-f) . Transverse sections of the double-labeled regions were examined to determine the distribution of the cells. We observed DsRed expression in the ventral neural tube at the 22nd somite level. EGFP expression was limited in the somite mesoderm and did not appear in neural tube (Fig. 6g) . At the 24th and 25th somite level, DsRed expression was observed in the ventral region, and EGFP expression was observed in the dorsal region of the neural tube. In addition, we observed luminal structures at each DsRedand EGFP-labeled region, which might be the junction between the primary and secondary neural tubes (Fig. 6h,  i) . A few DsRed-positive cells were found to participate in this secondary neural tube (Fig. 6h) , which may be in the process of fusing the primary and secondary neural tube. At the 27th somite level, we observed DsRed expression in the ventral neural tube, but there were fewer DsRedpositive cells here than in the more rostral region. On the other hand, EGFP expression was found in dorsal neural tube (Fig. 6j) . These findings indicate that, when EGFP was introduced into the rostral primitive streak, the neural tube that was labeled along with the somitic mesoderm is a secondary neural tube derived from the tail bud. 3 Correlation between EGFP-labeled somitic mesoderm and the developmental stage at which EGFP transfection into the rostral primitive streak was performed. The embryos were observed to determine the levels of labeled somitic mesoderm after incubating for up to 2.5 days. When EGFP was transfected at from HH stage-6 to the 8-somite stage, the levels of most rostral somites that expressed EGFP were linear from the 13-somite to the 27-somite levels. HH, Hamburger-Hamilton; st, stage; S, somite stage; somite stage n+, the "nth" somite is clearly seen and a groove is visible where the next somite will separate from the presomitic mesoderm 
Discussion
EGFP transfer is different from DiI labeling
We report herein that EGFP transfection of the primitive streak at any stage of development resulted in labeling of the entire somitic mesoderm from a specific level of the rostral boundary to the tail bud. We previously used DiI on the rostral primitive streak and showed that several pairs of somites were labeled. This discrepancy might be because of differences in the period of time during which cells retain each labeling material. DiI is lipid soluble and labels the cell by penetrating and dissolving into the cell membrane. It is distributed to daughter cells by cell division; consequently, the amount of DiI decreases by one-half after each cell division, which reduces the fluorescence of the labeled cells as development progresses. On the other hand, EGFP continues to express with repeating cell division when transfected with the Tol2 transposon system, because it is integrated into the genome (Sato et al. 2007) . Therefore, cells can be tracked to the later developmental stages with EGFP but not with DiI labeling.
We considered that our present transfection method labeled the epiblast cells but did not label the mesenchymal cells already invaginated. Because we found no damage of the epiblast tissue just after electroporation at the rostral primitive streak, we considered that EGFP gene did not penetrate the epiblast and was transfected into the epiblast but not into the invaginated cells. In addition, when the DsRed gene was introduced into Hensen's node in the same manner, its expression was observed only in the neural tube and notochord 8 h after transfection but not in the somitic mesoderm, which underlie the neural plate around Hensen's node, suggesting that the DsRed gene did not penetrate the neural plate. However, it remains possible that DsRed gene penetrated the epiblast of Hensen's node and directly transfected the notochord.
This EGFP system of tracking cells has the advantage of precise labeling. We were able to observe the EGFP expression pattern in the same embryo from 8 h to 2.5 days after electroporation. Although electroporation was always performed under constant conditions, the regions transfected with EGFP varied slightly. To confirm that EGFP labeling was confined to the rostral half of the primitive streak, we observed EGFP expression at 8 h after transfection. At the HH 8 stage, embryonic chick somitic mesoderm has been reported to be derived from the rostral region up to 50 % of the total length of the primitive streak (Sawada and Aoyama 1999; Wilson et al. 2009; Brown and Storey 2000; Fig. 6b ). We further confirmed that the 2.5-day transgenic embryo expressed EGFP exclusively in the somitic mesoderm but not in the lateral-plate mesoderm.
When EGFP was introduced into the rostral primitive streak, EGFP expression was seen not only in the somitic Fig. 5 Neural tube expressing EGFP in 2.5-day-old embryos transfected with EGFP into the rostral primitive streak at the 1-(S1), 4-(S4), and 8-somite (S8) stages. a, b The rostral boundary of the neural tube labeled with EGFP was at the 24th somite level in the embryo transfected at the 1-and 4-somite stage, respectively. c The rostral boundary of the neural tube labeled with EGFP was at 27th somite level in the embryo transfected at the 8-somite stage. a′, b′, c′ Higher-magnification images of the rostral boundary of the EGFP-labeled neural tube indicated with a′, b′, c′ in a, b, c, respectively. The white dotted line indicates the contours of the neural tube. Arrows indicate the most rostral EGFP-positive cells in the neural tube mesoderm but also in the caudal neural tube up to the 24th somite level (Fig. 6 ). Kondoh and Takemoto (2012) reported that the trunk axial stem cells are common precursors of the neural tube and somite mesoderm. Cells derived from the primitive streak differentiate into the neural tube and the mesodermal cells that are directed by Sox2 and Tbx6, respectively (Takemoto et al. 2011) . We might have transfected EGFP into these trunk stem cells that give rise to both the somitic mesoderm and secondary neural tube. Alternatively, we might have labeled the precursor cells of both the primary neural tube and somitic mesoderm; however, this is unlikely because labeled cells were always observed in the neural tube caudal to the 24th somitic level when the rostral primitive streak was labeled from HH stage 6 to the 6-somite stage. The secondary neural tube is derived from the tail bud mesenchyme through mesenchyme-epithelium conversion (Griffith et al. 1992; Shimokita and Takahashi 2011) . The neural tube formation is complete when the primary and secondary neural tubes fuse at the 27th somite level on the third day (Schoenwolf and Smith 1990) . In this study, the most rostral EGFP-positive cells in the neural tube were seen at the 24th rather than 27th somite level. This discrepancy might be explained by an oblique junctional plane between the primary and secondary neural tubes rather than a transverse plane. To determine whether this is true, the precise development of the secondary neural tube from the primitive streak and the tail bud must be elucidated.
